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Fig. 1. (a) The side view of bulk ms-BiVO,. (b) band structure and PDOS of bulk BiVO,. the side views of (c) pristine, (d) Al
doped and (e) Al adsorbed BiVO, (010) facets. There are 48 atoms in BiVO, (010) facet including 8 Bi (purple), 8 V (gray), and

32 O (red) atoms.
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Fig. 2. The total and partial density of states of (a) pure, (b) Al substitutional doped and (c) surface adsorbed BiVO, (010) sur-
faces; the inset is the charge density of VBM and CBM , the Fermi level is set to zero. Average electrostatic potentials along the z
axis of (d) pure, (e) Al substitutional doped and (f) surface adsorbed BiVO, (010) surfaces.
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Table 1.  The formation energy, band gap, the work function, effective mass of electron, effective mass of hole and relative

ratio of the effective masses, the potential of the rate determining step of pure, Al substitutional doped and surface adsorbed

BiVO, (010) surfaces.

System Egorm/eV E, [eV W, /eV mg /me my /me D Upas/ V
Pure (010) facet 7.44 1.55 1.49 1.04 1.31
Al doped (010) facet —6.32 7.66 1.53 7.97 0.19 1.38
Al adsorbed (010) facet -2.92 4.68 1.90 0.41 4.63 1.07
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Fig. 3. (a) The calculated absorption coefficient and (b) the (F(R)-hv)'/? with the change of photon energy in pure, Al substitutional

doped and surface adsorbed BiVO, (010) surfaces.

PIAA 56, %FF LG 4 (010) 1 A AL B A7 18 2= 11
(010) T 1M 5, YeA B F MM AT T O 1 2p B BR
T FAFE V 3d, Bi 6p A1 O 2p B (WLIE 2(a)
F1(b)); X ALWZEEAY (010) I, 3 hn 1 e &
ALY 3 s B, TR PR, BT BT
AAALHE il TR 2l I A BRATE, I8 A 45 D JRy B
AHD AL 3s, V 3d, O 2p #1182 347 I i BRAE (L
Kl 2(c))BU. X R R 3 B T A AU 1
W, T ELBRE i TR FL T B RICR.

34 Al FRFEAABFEMRERMIT BiVO,
(010) BT OER M #EHIRNE

Mréd b (OER) & T 4 MR A T
Bl MR THT AN (HER) W46 T HO5ERS, H
N1 R GG . XTI R R PLIR L (010) 3
il OER T 5, 85—, KWEREZ, #E6
A AERTTE , BT R Y HoO,4 2K 25— HY,
I HO, g, MEMHTE (010) 21H0; 45 =45, HO,q, 2K
L= H" TE O, WMIERT; 5 =20, J)—
A H,0 WRBHF 2, 702 A ERR Zi—A4 HY,
TERL HOO, g WeFfF; 528, TEMRAEIFER, MiA~H
AR R ER R, RIS, TR O,, 3
AR R AR (3)—(6) =

H,O (l) — HOqqs + HT + e, (3)
HO,4s — Oags + HT + e, (4)
Oais + H,O — HOO,4s + HT + e, (5)

HOO,q4, — O2(g) + HT + e~ (6)

AR SE AT AU M HyO 40, HO g
0,45 F1 HOO, s W} BB 5 22 8l Ty 2 33 B A X 5
*EEE, *E%E/A§J—:t Eads = Lmolecule+surface — Emolecule -
Eautace e Epotecutetsurtaces Emoleculer Pourtace 735
FORW MR R R I B RE R, W R RER, WILR
(010) T Y RE £ ) THER A B S B W R g, ] 4
R4 T OER MW Ftid #, %F T Al B8 42
T, KBTI P A By, AT, 2 B BE AR 44
T 54 (010) HAY-0.64 eV 28 K-0.70 eV, KR 45
FA S AR, R B R 0 (L £7 150 BH /KRR 7% 2 W R
X Al Fm WY (010) Fmm &, K55
165 1] - 0% B AE R 1T RS AL Bi i9FR A7 |, i,
Bi—O #H£H 3.12 A, KT Al—O #K (2.03 A),
T AL WS BivO, M Bk, 5822 i fap
LT R T FRA A AL R TR L, KRR I R A
~0.75 eV; tHE TR 1B 2%, 2R W 45 5 k17
KRR e AT A, AL A S EA RS
AR EE ST, HE—25 DL ALYE M TG R0 A, HF
7T KWL, S5 5 &0, KW RfHE AL TN, Ho
Al—O#E KR 2.01 A, KB RESE—2 TN
—0.78 eV.

[ A 73 A Al 2 A 7 B 4 T AR g SEL Al A A
R, FERIA R BiVO, R & HO 4, O Fl
HOO, 4, Wt fiE 43 31 4 -0.79, 2.12 L & -0.24 eV,
Al (I 2R Ml H 1,54, 0.1 F1-0.18 eV. 5
FCAR L, AL T B S A A T L R A EA T, T
FHXFFUA Bi MRS S, LA ALJEFVE &M

027101-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 72, No. 2 (2023) 027101

Pure (010) facet

Al doped (010) facet

Al adsorbed (010) facet

Bi site Bi site

Bi site Al site

z
Q,
T
@
" \ Al /: b ! /(‘ \\ S . £ \ b4 hY
FEa4s = —0.64 ?V; FEaqs= —0.70 eV} FEaqs= —0.75 €V} FEags = —0.78“eV;
Biy,—0: 2.52 A7 Bip—O: 2.55 A; Bi;—O0: 3.12 A7 Al-0: 2.01 A,
H;—-0:0.97 A, H;—0: 0.97 A; Al-0: 2.03 A, H;—0: 0.98 A,
H,—0:0.99 A H;—0: 0.99 A H;—0: 1.00 A; H,—0: 1.00 A
H,—0: 1.07 A
z
©)
jun}
©
d L \ 72 N 4 /N \
Eogs = —0.79 €V Bags = —1.54 eV; Bus=—4.22 ¢V;  Eu.=—4.71 eV;
Bi,—0O: 2.33 A, Bi,—0O: 2.07 :A; Bi,—0O: 2.32 A, Al-0: 1.68 /};
H;—0:0.99 A H;—0: 1.00 A Al—0: 1.87 A; H;—0: 097 A
H;—0: 097 A
%
©)
@

Fas= —0.1¢
Bi,—O: 2.32 A

B, =2.12 eV;
Bi,—O: 2.29 A

'

Eas = —1.92 eV}
Biy—O: 2.16 A;
Al-0: 1.70 A

QHOO 45

A \

Eaas = —0.24 eV;
Bi,—0: 2.67 5&;
H,—0:0.99 A

/

FEaqs= —0.18 ?V;
Bi,—0O: 2.72 A;
H;—0: 099 A

H;—0:0.98 A

& 4

OER M4 8, F 25 i i v & 40 AR H,0,45, HO sy Oags 1 HOO 0 W B 72 B 47 1) . AL S 0o 42 2% F0 2% 1 K B 19 BiVO, (010) 3

187 L Bi 8 AL g 14 o7 5 ) W B S5 R A IREBE . < F @7 45523 S 357K (010) 1T b 9 AT BERAR 2 | MR I RE S5 BE I B 48— S r

Jg eV A

Fig. 4. The adsorbed structure and adsorbed energies of the oxygenated intermediates of HyO,q45, HO,qs, Oags and HOO, 4, adsorbed

on pure, Al substitutional doped and surface adsorbed BiVO, (010) surfaces during the four steps of OER, where Bi and Al respective-

ly act as active site. The “-”, and “@” signs stand for bond, and adsorption state on the surface, the unity units of adsorption en-

ergy and bond length are eV and A, respectively.
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Effect of substitution doping and surface adsorption of
Al atoms on photocatalytic decomposition of water
and oxygen from BiVO, (010) crystal surface’

Li Qiu-Hong  Ma Xiao-Xue Pan Jing'
(College of Physics Science and Technology, Yangzhou University, Yangzhou 225002, China)
( Received 21 September 2022; revised manuscript received 13 October 2022 )

Abstract

Using solar photoelectrochemical decomposition of water to produce hydrogen and oxygen is one of the
most feasible approaches to obtaining renewable energy. Compared with hydrogen-evolution reaction (HER),
the oxygen-evolution reaction (OER) is very complex, there are four sluggish proton-coupled electron transfer
processes. It is critical to improve OER performance. The BiVO, (010) facet possesses low surface energy,
strong visible absorption, and good activity for OER, and is considered as one of the most suitable PEC
catalysts. However, its poor electron conductivity, low charge carrier mobility, and high charge recombination
rates significantly limit its practical applications. To achieve highly active OER photocatalysts, we modify
BiVO, (010) facet by substitutial doping with Al atom and surface adsorption with Al atom. According to
density functional theory calculations, we compare OER performances of these two modified BiVO, (010) facets.
The results show that both approaches can effectively regulate the electronic structure of BiVO, and then tune
OER activity resulting from the change of the structure. Though Al substitutional doping reduces the band gap
of the (010) facet and enhances the visible light absorption, the improvement of OER performance is not
significant because the doping site is inside and has little influence on the surface active site. Importantly, the
surface adsorption of Al atom is considered as an efficient means to improve the OER activity on BiVO, (010)
facet due to the combined action between surface adsorbed Al and active site Bi atoms. Al adsorbed (010) facet
exhibits excellent OER catalytic activity: 1) the induction of localized states and the reduction of band gap are
conducive to the electronic transition, optical absorption, thus increasing the electrical conductivity; 2) there is
lower hole effective mass, and thus effectively enhancing the ability to transfer from anode surface to electrolyte
surface, thereby increasing the difference between the effective mass ratio of electron-hole pairs and 1 and
effectively reducing the electron-hole recombination; 3) the nteraction between the active sites and oxygen-
containing intermediates is reinforced in the OER process, therefore the potential determining step of OER
decreases effectively. This work provides an important reference for designing efficient and stable two-
dimensional semiconductor-based photocatalysts for OER. We believe that it will arouse great interest of the

BiVO, community and motivate numerous experimental researches.

Keywords: water-splitting, substitutional doping, surface adsorption, oxygen evolution reaction, BiVO,

PACS: 71.15.Mb, 71.20.Nr, 71.35.Aa, 88.85.mh DOI: 10.7498/aps.72.20221842
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